This paper describes the theory of on-line additions of aqueous standards for calibration of Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). Establishment of a calibration curve enabled investigation of: fractionation, matrix effects, mass flow ratios, and the relative merits of wet and dry plasma conditions for laser ablation sampling. It was found that a wet plasma was much more tolerant of increased sample loading without reducing plasma robustness, leading to less severe and more constant mutual matrix effects. These findings indicate that the on-line addition of water is the preferred mode of operation for quantification by LA-
Introduction
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) has become the most versatile technique for the direct determination of trace elements in a wide variety of solid sample types. It has particular application for the determination of trace elements in sample types such as metals, rocks, polymers and ceramics, and avoids the risk of contamination associated with complex digestion procedures.
The limitations of LA-ICP-MS are well known; namely elemental fractionation and a lack of certified reference materials (CRMs) for the majority of sample types. 'In house' synthetic standards can be prepared for this purpose, although their preparation is often time consuming and expensive, and they are frequently compromised by inhomogenous distribution of elemental composition. In the absence of solid calibration standards, aqueous calibration standards have been employed for quantification. Such aqueous standards can be ablated directly, with 1 or without 2 the presence of an organic chromophore to improve coupling between the laser and solution, or more commonly they are introduced on-line via a nebuliser and spray chamber in what is referred to as the "dual sample/standard approach".
Dual sample/standard calibration
The dual sample/standard approach, first proposed by Thompson et al. , 3 can provide quantitative data in the absence of solid calibration standards. In this calibration approach, the aerosol generated by laser ablation of the target is combined with the aerosol generated by solution nebulisation of an aqueous calibration standard.
The limitation of this approach is the different sample and standard matrices that result in differing atomisation and ionisation characteristics within the ICP. Namely, ablated particles have larger mean diameters and size distributions than those particles produced by solvent evaporation from a wet aerosol. [4] [5] [6] Consequently, these particles are vaporised along an extended region of the ICP, leading to wider ion density distributions along the central channel for LA in comparison to solution nebulisation. 7, 8 The dual sample/standard approach, using a wet or a dry plasma, requires internal standardisation to compensate for the different mass transport rates of the two sample introduction sources. Consequently, an element of known concentration and homogenous distribution must be present in the sample. However, this may not be as restrictive as at first may seem, since a matrix element of known concentration (from stoichiometry, or previous analysis) is often available.
In its simplest form, dual sample/standard introduction produces a wet plasma, leading to the possibility of spectral interferences such as oxides and hydroxides derived from the use of water as a solvent. In this paper the term "wet" refers to a plasma in which the liquid phase aerosol and vapour phase water are present, i.e. the classical wet plasma produced in solution analysis. Normally, desolvation of the standard aerosol is employed so that it more closely matches the sample aerosol. [9] [10] [11] [12] [13] [14] [15] However, the plasma formed in this case is referred to as being "dry", and has a variable composition depending upon the matrix of the ablation target; hence variable sample matrix will produce varied sample loading. In contrast, a wet plasma produces more standardised conditions with a single dominant plasma species i.e. water; thus water dominates the plasma loading and only small perturbations are caused by the sample matrix leading to reduced matrix effects.
Whereas the absence of oxides and hydroxides may be necessary for the accurate determination of isotopic ratios, the standardised plasma conditions offered by employing a wet plasma may be of greater benefit for routine analysis by LA-ICP-MS. Koch et al. 16 observed that the 65 Cu/ 66 Zn ratio from brass using LA-ICP-MS with dry plasma conditions differed to the ratios obtained using wet plasma conditions. This was also confirmed by Boulyga et al. 17 who reported that the conditions. These differences can probably be attributed to differential fractionation within the ICP, between dry and wet plasma conditions, due to different atomisation and ionisation conditions. This work develops the theory of the on-line dual sample/standards technique and provides a comparison between the use of wet or dry plasma conditions. A strategy was devised using on-line, multi-point aqueous calibration, allowing the investigation of fractionation, matrix effects and characterisation of a mass flow ratio representing the ratio of mass transport between the two sources. Generally the calibration function for an ICP-MS instrument is written as:
Theory of On-line
The sensitivity (S) factor can be split into two terms; a true instrumental sensitivity term i.e. the response of the ICP-MS instrument per unit mass (strictly speaking molar quantities should be used since these directly represent the number of atoms sampled) of a specified element and a mass flow rate term representing the flux of sample or standard. Thus for an analyte in the sample substrate, Equation 1 becomes:
Dimensional analysis of Equation 2 is instructive in understanding the meanings of the individual terms, thus:
Note how the cancellation of dimensions is between, rather than within terms, indicating the inherent separation of sample and analyte quantities.
For on-line additions the overall intensity is the sum of the intensity contributions from the sample and from the standard, in accordance with a standard additions type calibration. Hence:
Note that two sensitivity terms are present; one, S That is, there is no elemental fractionation between the internal standard element and the analyte, since differing mass flow ratios are a direct measure of elemental fractionation.
Experimental Instrumentation
A commercially available UP-213 Laser Ablation System (New Wave Research Inc., Huntingdon, Cambridgeshire, UK) operating in the deep UV (213 nm) was employed using He as a carrier gas due to its improved ablation and transport characteristics. A He gas flow of 0.5 L min -1 was found to give optimum sensitivity and a good peak shape upon single shot ablation of NIST 612, and importantly had no detrimental effects on the signal intensity obtained upon solution nebulisation when the two sample introduction sources were combined. All optimisation was performed at 1350 W. Table 1 lists the experimental parameters employed. The laser conditions were chosen to represent those typically used in of bulk analysis by LA-ICP-MS.
Sample Preparation
Solid Samples 
Aqueous Standard Preparation
Aqueous calibration standards, in a 1 % HNO 3 matrix, were prepared by serial 
On-line Additions
The on-line additions involved simultaneous introduction of aqueous calibration standard aerosols by solution nebulisation, with or without desolvation, and a laser ablated sample aerosol. In order to allow the investigation of matrix effects and calculation of the mass flow ratio, multiple calibration standards were used. The whole calibration series was nebulised (with He passing through the ablation cell) to yield a standard calibration curve. Then, ablation of the sample commenced and the aqueous calibration series was repeated, so that simultaneous introduction of sample and standard occurred. This procedure yielded two curves, as shown in Figure 1 
Calibration Procedure
Once the optimum ablation and plasma conditions were found, with respect to minimising matrix effects, the reference materials were analysed. First, using on-line Alloy were performed using wet plasma conditions only.
For analysis using a dry plasma, an ICP forward power of 1500 W was used; whereas, for a wet plasma 1300 W was applied. LA parameters were kept constant throughout the analysis: a fluence of 13 mJ cm -2 , a frequency of 20 Hz, an ablation crater diameter of 80 µm and a sample translation rate of 10 µm s -1 were employed.
Results and Discussion

Variation in Ablation Crater Diameter
The on-line additions strategy was performed at differing ablated crater diameters i.e.
successively introducing more ablated mass into the ICP to increase the sample loading of the plasma. The data obtained are presented in Table 2 and Table 3 .
Increasing the ablated crater diameter had the effect of increasing the relative sensitivity above unity, and importantly the standard deviation in the sensitivity ratios obtained. This effect was much more pronounced under dry plasma conditions than under wet plasma conditions as can be seen in Figure 3 .
The laser was run at constant fluence, leading to increased mass transport to the ICP with increasing ablated crater diameter; consequently the sample loading of the plasma was increased. Under dry plasma conditions, with higher sample loading it appears that the plasma became less robust, leading to more severe matrix effects. The elements were affected by a less robust ionisation source to different extents (due to properties such as first and second ionisation enthalpy and oxide bond strength etc.).
The increased plasma loading manifested itself as an increase in sensitivity ratios, and the standard deviation thereof, across the suite of elements studied.
The degree of variation in the sensitivity ratios with increased sample loading was much more constant under wet plasma conditions. It appears that the presence of water buffered the plasma against the detrimental effects of sample loading on plasma robustness. Importantly, the data indicates that there was no significant change in the extent of oxide formation upon the introduction of the laser ablated aerosol. This is shown by the absence of any significant change in sensitivity upon introduction of the sample aerosol, especially for the oxide forming elements Ce and U. Under dry plasma conditions this ratio is more erratic and deviations from unity were obtained indicating that the dry plasma was more susceptible to changes in sample loading.
The more constant sensitivity ratios obtained under wet plasma conditions have implications when applying an internal standard element in a calibration by LA-ICP-MS. Using wet plasma conditions, it is more likely that data obtained from an internal standard element will be representative of a larger suite of elements. The mean sensitivity ratio at an ablation crater diameter of 110 µm did not quite follow the trend, but the change was small and is not likely to indicate a true reversal of slope.
Variation in Plasma Forward Power
The on-line additions strategy was performed for varying ICP forward powers, with fixed LA parameters, to determine the effect of forward power on the severity of matrix effects for both wet and dry plasma conditions. The results can be seen in Table 4 and Table 5 .
As shown in Figure 4 , under wet plasma conditions, the standard deviation of the sensitivity ratios was almost constant with respect to changes in ICP forward power.
For dry plasma conditions, the variation in sensitivity ratios, was strongly related to the ICP forward power. This can be explained by differences in plasma robustness i.e. a low ICP forward power and high sample load yielded a less robust plasma, leading to severe matrix effects. As stated above, under wet plasma conditions this effect was much less pronounced, confirming that the presence of water buffered against the detrimental effects of low plasma robustness. Again, the data indicated that the degree of oxide formation remained constant with varying ICP forward power, upon introduction of the laser ablated aerosol, when wet plasma conditions were employed. This is shown in Table 5 wherein the %UO L / %UO S+L is more constantly close to unity than for dry plasma conditions (notwithstanding that the smaller ratios obtained for the dry plasma will lead to greater statistical variation).
The fact that the presence of water alters the fundamental properties of the plasma, such as temperature and electron density is well documented. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, the effects of water remain poorly understood, with experimental outcomes often depending upon the exact details of the sample introduction system and the total water flux and vapour/liquid ratio. It was beyond the scope of this investigation to quantify all of these parameters. Generally, plasma energy is consumed in the vaporisation and dissociation processes; however, this energy can be replaced by energy transfer from the outer regions of the plasma into the central channel, and the dissociation products 
Analysis of NIST 612 Trace Elements in Glass
Co was chosen as an internal standard element for the analysis of NIST 612 Trace Elements in Glass, since it provided a mass flow ratio that was most representative of the other elements under both wet and dry plasma conditions i.e. its mass flow ratio was close to the mean. This indicates that there was little fractionation between Co and the other elements, with the possible exception of Ti (as indicated by differing mass flow ratios). It should be noted that for the analysis of a 'real' sample this data would not be available and it is unlikely that there would be such a choice of internal standard element. However, here, since this data was available, then a selection of the best internal standard was made. LA is no different to any other analytical technique in that prior knowledge of the sample will improve data quality. The optimum ICP forward powers obtained from the previous investigation were employed for the analysis i.e. 1300 W for the wet plasma analysis, although from previous investigation this was not too critical, and 1500 W for the dry plasma analysis. The data obtained can be seen in Table 6 and Table 7 .
The results for the mass flow ratios indicate that there was a much greater signal contribution from the aqueous calibration standards than from the laser ablated aerosol. This is highlighted by the large values calculated for the mass flow ratio i.e.
the ratio of flux between sample and standard. Values this large are indicative of the small amounts of ablated material transported to the ICP when employing such a LA system. This value means that an analyte concentration of tens of mg kg -1 in the solid sample will correspond to a signal intensity equivalent to one µg L -1 of analyte in the aqueous calibration standards. This may be disadvantageous in terms of absolute detection limit, but as shown here, limiting the plasma loading is beneficial for obtaining good quantitative data.
The analysis proved a lot more successful when wet plasma conditions were used.
Generally, the agreement between the calculated and certified concentrations was much closer under the wet plasma conditions. Under wet plasma conditions, the majority of elements quantified were within 1 -10 % of the certified values. One exception was Ti, for which poorer data was obtained, but no explanation for this is available.
The matrix effects were less severe and less variable between elements when using a wet rather than a dry plasma, as a direct result, the mass flow ratios calculated were less elementally variable, indicating that they were subject to less fractionation. This simplifies the choice of an internal standard, since it is more likely that the chosen element will be more representative of the set. For this reason, more accurate data can be obtained from the on-line additions approach when wet plasma conditions are employed. This is shown in Figures 5 and 6 , wherein a better correlation between the calculated elemental concentrations and certified elemental concentrations was obtained under wet plasma conditions, shown by a slope close to 1 obtained when using a wet plasma and a slope well below 1 when using a dry plasma (R 
Analysis of ERM No. 681 Trace Elements in Polyethylene
Analysis of ERM No. 681 Polyethylene was undertaken as an example of a typical polymer sample. For this analysis Cd was chosen as an internal standard element, due to it being in the middle of the mass range investigated. The data obtained are shown in Table 8 .
The analysis proved successful in that excellent agreement with the certified concentrations was obtained. When using Cd as an internal standard element, agreement within 2 % of the certified concentrations was obtained for the quantification of Cr and Pb. Mass flow ratios were much smaller for the polyethylene than those obtained for the NIST glass. Since the output from the nebuliser generally remained constant for all three analyses, then the change in mass flow ratio must have been due to a large difference in the ablated mass transported to the plasma. The results indicate that much more polymer sample was transported, most likely due to increased coupling between the laser beam and the polymer.
Analysis of BCS No. 387 Nimonic 901 Alloy
Analysis of BCS No. 387 Nimonic 901 Alloy was undertaken as an example of a typical metal alloy sample. For this analysis Cu was chosen as an internal standard element. The data obtained are shown in Table 9 .
Using Cu as an internal standard, the analysis proved successful in the quantification of Co and Pb, and good agreement with the certified concentration was obtained. The quantification of Mn was less successful. This was due to the fact that the certified concentration of Mn was very high in the reference material, producing a signal intensity above the linear range of the ICP-MS detector (especially when combined with the signal intensity from the aqueous calibration standards). This gave erroneous calibration data, leading to an inaccurate quantification. Mass flow ratios were similar to those obtained for the polymer sample, again indicating that there was an increased transport of metal sample to the plasma in comparison to the glass.
Conclusions
Although dry plasma conditions may be beneficial when performing isotope ratio measurements by LA-ICP-MS due to reduced oxides and hydroxides, it has been shown that a wet plasma is more advantageous for routine analysis. The findings indicate that the on-line additions of water is the preferred mode of operation for quantification by LA-ICP-MS. Employing a wet plasma produces more standardised plasma conditions and buffers against the detrimental effects of sample loading and reduced plasma robustness. Furthermore, the exclusion of a desolvation system results in faster analysis time (due to reduced sample uptake, wash-in and wash-out times)
and less expense (due to reduced analysis time, energy and gas requirements).
The theory presented in this paper has enabled differentiation between "sensitivity" and mass flow. The calculation of a mass flow ratio is useful not only for calibration, but also as a measure of the relative flux between two sample introduction sources. Figure 6 The correlation between the calculated elemental concentrations and the certified elemental concentrations, using Co as an internal standard element, under dry plasma conditions for NIST 612. 
